Position and displacement analysis of a spherical model of a human knee joint using the vector method was presented. Sensitivity analysis and parameter estimation were performed using the evolutionary algorithm method. Computer simulations for the mechanism with estimated parameters proved the effectiveness of the prepared software. The method itself can be useful when solving problems concerning the displacement and loads analysis in the knee joint.
Introduction
A simplified model of the human knee joint (Sancisi and Parenti-Castelli, 2010) can be sufficient to study positions of bones (the femur and the tibia) and their relative displacements. However, it can be further completed by adding the patellofemoral joint of the knee that contains: a patella, a patellar tendon and a muscle system.
The models of the patellofemoral joint with two, flexible point contact pairs have been introduced (Caruntu and Hefzy, 2004) . However, a set of twelve differential equations has to be solved in order to analyze the model. A different approach for the modeling of the knee joint has been shown in Sancisi and Parenti-Castelli (2008) , where the knee model is considered as a parallel platform mechanism. This method will be further explored in this paper.
In comparison with parallel platform mechanisms known from robotics, the considered model of the knee joint is characterized by two nonsymmetrical platforms (the femur and the tibia), connected by one spherical joint (S) and three legs: two passive legs S-S type (the cruciate ligaments) and one active leg S-S-R type (the patellar tendon and the patella with R -revolute joint). The mechanism operates in a limited workspace of one configuration, relatively distant from singular positions. A problem of an inverse position analysis (IPA) for the considered 1-DOF platform mechanism is formulated.
A simplified model (Sancisi and Parenti-Castelli, 2008) of the patellofemoral joint is assumed with the patella connected to the femur by a cylindrical joint (Fig.1a) where angular displacement is analyzed but the linear position is assumed to be constant. An admissible angular displacement of the patella with respect to the femur, corresponding to given positions and displacements of the femur with respect to the tibia, is determined by the muscle, simplified and substituted with a single linear actuator. The substitute linear actuator represents the quadriceps muscle of the knee. Therefore, only the extension of the knee can be studied. It is also assumed that that the bones are rigid and the ligaments have fixed-length. The knee joint is analyzed in the normal range of flexion (deep flexion is not taken into account). A 2 B 2 -the cruciate ligaments, A 3 -the center of the spherical joint that connects two platforms, A 4 (E 4 ) -the patellar tendon attachment to the tibia (the patella), s -the length of the substitute muscle, E 3 (B 3 ) -the substitute muscle attachment to the patella (the femur), B 5 , B 6 -points on the axis of symmetry of the cylindrical joint that connects the patella and the femur with the direction oriented by n; {x t y t z t } -the tibia reference frame, {x f y f z f } -the femur reference frame, {x p y p z p } -the patella reference frame; b) the simplified model of the patella with the revolute joint (B 5 ).
Position analysis of the patellofemoral joint

Research problem
The problem of inverse position analysis (IPA) is formulated as follows. Given a set of successive positions of the femur with respect to the tibia compute corresponding positions and displacements of the patella using the vector method.
The position and displacement analysis of the patellofemoral joint ( Fig.1a ) using a method of constraint equations leads to a system of nonlinear equations numerically solved in Sancisi and ParentiCastelli (2010) . On the other hand, the vector method yields a closed-form solution. The substitute mechanism for the patella part of the knee joint (Fig.1b) can be described with one tetrahedron presented in Fig.2a . In order to obtain the position of the patella reference frame with respect to the tibia reference frame a unit vector o 54 e describing the patella orientation can be determined using the formula for finding one of three unit vectors, when two unit vectors and two dot products of each these vectors with the unknown unit b) a) vector are known (Ciszkiewicz and Knapczyk, 2014 
where . 
where: b 5 and b 6 -the position vectors of the points B 5 and B 6 assumed on the femur and described in the tibia reference frame, a 4 -position vector of the known point A 4 on the tibia and described in the tibia reference frame. In the next step, the unit vectors , The position analysis of the patella part model for the knee joint using the vector method provides the solution in the form of position vectors of the three points located on the patella and described in the tibia reference frame {x t y t z t }. For the known coordinates of these vectors in the femur reference frame a rotation matrix
of the patella reference frame with respect to the femur reference frame can be solved using Horn's method (Horn, 1987) . A sequence of rotations for the rotation matrix is assumed as per Sancisi and Parenti-Castelli (2008) . In a medical terminology the following description is used: and adduction(+), p  -external(-) and internal(+) rotation. This form of the results will be used in the parameters estimation. However, the results are also presented by parameters of the screw displacements (Fenton and Shi, 1990 ).
Data preparation
The input data set for the position analysis contains: 
The parameter set and the experimental data required for the parameters estimation are assumed as per Sancisi and Parenti-Castelli (2008) . The input data set also contains a set of the rotation matrices , , ) ( ft    R , the translation vectors
from the femur reference frame {x f y f z f } to the tibia reference frame {x t y t z t } obtained from the spherical model (Ciszkiewicz and Knapczyk, 2014 Figure 4a illustrates successive positions of the patellofemoral joint mechanism when added to the spherical model of the knee joint (Caruntu and Hefzy 2004) . Table 1 presents a comparison of the results obtained using the vector method and the experimental data (Sancisi and Parenti-Castelli, 2008) . The considered mechanism cannot fully reproduce complex displacements of the patellofemoral joint. However, the results obtained can be improved by estimating two sets of parameters (for ; 6 54     and ; 60 108     . Fig.4 .a) The spherical model of the knee with the patella model in three positions, where: A 1 B 1 , A 2 B 2 -the cruciate ligaments, A 3 -the center of the spherical joint that connects two platforms, B 5 -the revolute joint, A 4 (E 4 ) -the patellar tendon attachment to the tibia (the patella), {x t y t z t } -tibia reference frame, O p -the origin of the patella reference frame, b) the patellofemoral joint model in successive positions with the set of instantaneous screw vectors of the patella with respect to the tibia (length of the screw vector is proportional to the angular displacement along the axis), where:  is the flexion angle of the spherical model of the knee joint. 
